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SWY

Turbulent-heat-transfermeasurementswereobtainedthroughtheuse
ofan axiallysynmetricannularnozzlewhichconsistsofan innershaped
centerbodyandan outercylindricalsleeve.Measurementstakenalong
theoutersleevegaveessentiallyflat-plateresultsthatarefreefran
wallinterferenceandcornereffectsfora Machnumberof0.87andfora
Reynoldsnumberrangefrm 9.88x 106to2.09x 108. Theheat-transfer
coefficientsareslightlyhigherthantheoreticalresultsfora Machnum-
berof1.0andfora ratioofinnersurfacetemperaturetofree-stream
temperatureof 1.0,andtheyagreewiththeoreticalresultsforincom-
pressibleflow. Thetemperature-recoveryfactorsrangefrm 0.899at a
Reynoldsnuiberof9.88x 106to0.876ata Reynoldsnumberof2.09x 108.

INTRODIKXPION

Thedesignofhigh-speedaircraftrequiresengineeringinformation
aboutheat-transfercoefficientsandtemperature-recoveryfactorsfor
highspeedsthatextendovera widerangeofReynoldsnumber.Inref-
erences1,2,and3, localturbulent-heat-transfermeasurementswere
presentedforMachnumbersof3.03,2.06,and1.62,respectively.

Thepurposeofthisinvestigationis-toextendtheworkofrefer-
ences1,2,and3 toa Machnumberof0.87withthesametypeof dataand
methodofreducingthedata. TherangeofReynoldsnaber forwhich

measurementswereobtainedwasfrom9.88x 106to2.09x 108. Theratio
oftheinnersurfacetemperaturetofree-streamtemperaturevariedfrom
1.18to 1.15.
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SYMBOLS

specificheatofsleevematerial,Btu/lb-%

specificheatofairat constantpressure,Btu/lb-%

accelerationduetogravi~,ft/sec2

heat-transfercoefficient,Btu/ft2-sec-%

heatconductivity,Btu/ft-sec-%

Machnumber

Nusseltnuniber,hx/k

Prandtlnumber,P~g/k

Reynoldsnuuiber,pvx/p

Stanton

average

number, Nu = h
RPr W@

walltemperature,%

effectivestreamairtemperatureatwall.,sometemperature
whichgivesa thermalpotentialwhichis independentof
heat-transfercoefficient,%

stagnationtemperature,OR

-r surfacetemperatureofnozzlesleeve,%

free-streamtemperature,OR

time,sec

free-stresmvelocity,ft/sec

specificweightof sleevematerial,lb/sqft

longitu&lnaldistancealongsleeve,ft (unlessindicated
otherwise)
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recoveryfactor,

dynamicviscosity

Tp - To
Tt - T@

coefficient,lb-sec/sqft

P free-streamdensityofair,slugs/cu

APPARATUSANDMETHOD

ft

Theapparatusconsistedofanaxiallysynmetricnozzlewhichwas
directlyconnectedtothesettlingchamberofoneof thecold-airblow-
downjetsof theLangleygasdynamicslaboratory.Thenozzlehada
shapedwoodencenterbodyandan outersleeveconstructedfroman8-inch-
diameter,extraheavy,sesmless,carbon-steelpipe. Theoutersleevewas
surfacemachinedinsideandoutsidetoa wallthicknessofO.* inch.

A detaileddrawingof theapparatusisshowninfigure1,which
givesthelocationofthethermocouplesandstatic-pressureorifices.
Detailsof theapparatusandmeasuringequipmentaregiveninrefer-
ences1 and2.

Thedimensionsoftheinnerplug,correctedforboundary-layer
growth,areshowninfigure1. TheMachnumberwas0.87overtheentire
testregion.

Forthisinvestigation,testrunsweremadeforsettling-chamber
pressuresof15, 54, 101,and202lb/sqin.gage. Excludingthefirst
20seconds,thepressuresweremaintainedconstantforeachtestrun.
Thestagnationtemperaturestartedat essentiallyroomtemperatureand
decreasedas thepipingwascooled,as illustratedinfigure2 where
stagnationtemperatureisplottedagainsttimefora settling-chamber
pressureof54lb/sqin.gage. Thewalltemperaturestartedapproximately
10°R tol~”R abovethestagnationtemperatureandtendedtoapproachthe
equilibriumtemperature%Thichwasapproximately6° R belowstagnation
temperature.Thisvariationisshowninfigure3 wherewalltemperature
at station27 isplottedagainsttimefora settling-chaniberpressureof
54lb/sqin.gage.

Infigure4, thevaluesofwalltemperatureareplottedagainstlongi-
tudinaldistancealongthecylinderforvarioustimesduringthetestrun.
Thesevalueswereusedtodeterminetherateof changeof thelongitudinal

d2Tav
conductionk— alongthecylinder.Resultsweretakenonlyforthe

&
d2Tav

lengthof thecylinderforwhich k— = o.
*2
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REDUCTIONOFDATA

Theequationsusedinreducingthedataare

(1)

(2)

(3)

and

Nu = StRFr (4) “
.

Themethodconsistsofselectinga recoveryfactorandthenobtaining
Te fromequation(1). Foreachrecoveryfactorthatisselected,the
correspondingquantity~ - Te is determinedandthenplottedagainst

dT
d; (theheatinput).thequantitywc— Thecurveconnectingthesepoints

isa straightUne (eq.(2)).Thetruevaluesof Te and ~ are
obtainedwhenthelinegoesthroughzero.Theslopeof thislineis the
valueof h. Figure5 showsthevaluesusedin determining~r and h
at station27fora settling-chamberpressureof~ lb/sqin.gage.

TheStantonnuniberis calculatedfromequation(3); andtheNusselt
“number,frmnequation(4). ThevaluesofPrandtlnumber(0.71)andvis-
cosityofairweretakenfromreference4 andwerebasedupon ~. The
valueof ~ usedwasthatvaluemeasured80 secondsafterstarting.
Thevaluesof specificheatandspecificweight~fthesleevemterial
werealsotakenfromreference4.
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FWSULTSANDDISCUSSION

Overthetestrange(seefig.4),thewalltemperaturesareconstant
alongx. Inequation(2),w and c areconstant,and dTav/dtis con-
stantbecauseTw is constant.Therefore,if thereistobe a variationof
h withReynoldsnumberor x, Te mustvarywith x. Thevalueof Te
obtainedforthetestata settling-clmnberpressureofA lb/sqin.gage,
evaluated80 secondsafterstarting,actuallydecreasesabout0.6°.

Figure6 showsthevariationoflocalNusseltnuniberwithlocalRey-
noldsnumber.Thevalueof x usedinevaluatingthesenmiherswascon-
sideredtobe zeroattheupstreamendofthesleeve(thebeginningof
theturbulentboundarylayer).Theresultsindicatethatthisisthe
correctlocationofthe x = O location.

TheNusseltnuriberswerefoundtovaryfrom8,118to 123,323forthe
Reynoldsnumberrangefrom9.88x 106to2.09x 108. Forcomparison,the
curvesbasedontheVanDriestanalysis(ref.5)areshownfor M = 1.0
and M = O with ~/~ = 1.0. Theaveragevalueof ~/T@ forthetest
resultswas1.15.

Thedatawerecomputedby usingfree-stresmtemperatureto determine
thedensityandvelocity.Thewalltemperaturewasusedto determine
theviscosityandPrandtlnumber.Thedatiareslightlyabovethe M = 1.0
curveandareingoodagreementwiththeincompressiblecurve.

Figure7 showsthevariationoflocaltemperature-recoveryfactorwith
localReynoldsnumber.me variationisfrom0.899at9.88x I_06to 0.876
at 2.09x 108. Alsoincludedforcomparisonarethecurvesfortherecov-

eryfactorequalto +/3 and Prl/2.Thewalltemperaturewasusedto
determinethePrandtlnumber.

CONCLUDINGREMARKS

Turbulent-heat-transfermeasurementsthatgaveessentiallyflat-plate
resultswereobtainedfora Machnuniberof 0.87andfora Reynoldsnumber
rangefrm 9.88x 106to2.09x 108. TIENusseltnmbersagreedwith
incompressibletheoryandareslightlyhigherthantheoreticalresultsfor
a Machnumberof1.0. Thetemperature-recoveryfactorsdecreasedfrom
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6 NACATN3599

0.899at a Reynoldsnumberof9.88x 106to0.876ata Reynoldsnumber
of2.09x 108.

LangleyAeronauticalLaboratory,
NationalAdvisoryCommitteeforAeronautics,

LangleyField,Vs.,September20,1973.
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